Extracellular volume fraction mapping (ECV Map) can provide quantitative measurements of myocardial tissue with amyloid deposition and myocardial edema. ECV measurements have been shown to correlate well with myocardial brosis. Pixel-wise ECV Maps are calculated from acquired precontrast and postcontrast T1 Maps calibrated by blood hematocrit. The maps are acquired with ECG triggering and breath holding. However, ECV measurement is not accurate when heart motion occurs because of inconsistent and inadequate breath holding during image acquisition. We present an application of motion-correction algorithm for ECV Maps in cardiac MRI. Our proposed method is based on aligning the position of the heart between precontrast and postcontrast T1 Maps before calculating the ECV Map. The problem with this registration is spatial displacement of the myocardium because of different diaphragm positions. We have developed an automatic approach to detect the displacement before and after contrast injection, and the ECV Map is measured with correction of the myocardium position considering the displacement. We con rmed that our proposed method improves the accuracy of the ECV Map regardless of the size of displacement.
Introduction
Heart disease is currently the second most frequent cause of death in Japan after malignant neoplasms, and about 200,000 people die annually from heart disease. Cardiac disorders include ischemic heart disease, valvular disease, arrhythmia, and heart failure, but the main cause of death is ischemic heart disease. Ischemic heart disease is caused by narrowing or obstruction of the coronary arteries due to conditions such as arteriosclerosis. Ischemic heart disease is diagnosed by a combination of ECG, echocardiography, cardiac catheterization, and other diagnostic imaging modalities. However, magnetic resonance imaging (MRI) is superior to other methods for the diagnosis of ischemic heart disease and cardiomyopathy, because it is possible to obtain images of various contrasts using imaging methods that, unlike catheterization, do not cause pain.
Delayed contrast enhancement is one method of examining heart disease with MRI. This examination is an image diagnostic method that can extract the region of intracellular uid by imaging a gadolinium-based contrast agent at 10 to 15 minutes after injection. The advantage of this method is higher contrast than nuclear medical examination and computed tomographic (CT) images [1] . However, when using delayed contrast-enhanced MRI, it may be dif cult to evaluate diffuse or mild cardiac muscle brosis. However, extracellular volume fraction (ECV) has attracted attention for quantitative evaluation of the degree of myocardial brosis, amyloid deposition, and myocardial edema [2] . ECV mapping (ECV Map), which is used to visualize the ECV, improves diagnostic ability by comparing it with T1 Map as contrast media, and can also be applied to cardiac diseases that cannot be detected by delayed contrast-enhanced MRI [3] .
ECV Map is calculated for each pixel by correcting the T1 values of the myocardial tissue and blood tissue before and after injecting contrast medium with electrocardiogram synchronization, and the contrast medium is imaged under breath holding. However, when breath holding is poor or when imaging position differs before and after administration of contrast media, cardiac displacement occurs and the accuracy of the ECV Map decreases. In this study, we applied a position correction algorithm to obtain high precision ECV Map in cardiac MRI imaging, and compared the ECV values before and after correction with the results obtained by manual correction.
Theory

Cardiac MRI
With recent advances in MRI and imaging sequences, the cardiac region with motion has been examined by MRI. Cardiac examination by MRI can be classi ed into four categories: evaluation of myocardial wall motion, evaluation of myocardial infarction site, evaluation of myocardial ischemia, and evaluation of coronary morphology.
Here, we describe the ECV Map, which is considered more effective than delayed contrast-enhanced MRI in evaluating myocardial infarction sites.
ECV Map
Detecting local myocardial disease using delayed contrast-enhanced MRI is useful [4] . However, this technique depends on contrast changes between healthy and unhealthy myocardium, and the ability to detect diffuse brosis is limited. However, longitudinal relaxation time (T1) mapping allows quanti cation of myocardial tissue, permitting observation of diffuse cardiomyopathy processes that were detectable only by biopsy until recently [5] . T1 measurement before and after gadolinium contrast injection can evaluate the relative amounts of intracellular and extracellular components of the myocardium under equilibrium conditions. ECV is the quanti cation of the relative amounts of intracellular and extracellular components of the myocardium [6] . Diagnosis of diffuse myocardial brosis conventionally uses invasive biopsy, accompanied by risk and sampling errors [7] . However, a previous study shows that biopsy ndings correlate with ECV results [8] . ECV is calculated using Equation 1 using the hematocrit value, which represents the T1 value of the myocardial tissue and the left ventricular luminal blood before and after injection, utilizing the property that the contrast agent is speci cally distributed outside the cell.
where myo is myocardial tissue, blood is blood tissue, pre is before contrast agent injection, post is after contrast agent injection, and Hct is the measured hematocrit. ECV are increased in myocardial brosis, amyloid deposition, and edema, and the ECV of normal myocardial tissue is approximately 25%-35% [9] . 
Problems with ECV Map creation
There are two major factors that reduce the accuracy of ECV. One is insuf cient breath holding during image acquisition for the ECV Map. Imaging is performed under ECG synchronization and breath holding is generally used to suppress cardiac movement. However, because the breath holding time is approximately 25 seconds and breathing is repeated during the imaging process, the subject may not be able to hold his or her breath completely during the entire imaging process, and free respiration may occur in the second half of continuous imaging. The second major factor that reduces accuracy is creating a T1 Map while the subject maintains free respiration. It has been reported that approximately 40% of T1 Map images contain free respiration [4] . When free respiration occurs while the T1 Map is created, the same pixel position of all continuous images cannot be guaranteed, causing errors in tting the T1 values and resulting in decreased accuracy of the ECV value. Also, when the breath holding position is different before and after contrast agent injection, the corresponding pixel position is shifted, and error occurs. In this study, we applied a correction method for the latter problem.
Methods
The problem when creating an ECV Map is that the accuracy of the ECV decreases if there is misalignment of the heart due to poor breath holding and inconsistent respiratory arrest position. To address the rst problem, images containing free respiration were excluded from this series. For the second problem, heart displacement was corrected before and after contrast agent injection.
Determination of processed images
Because inversion recovery is an imaging method that acquires multiple images while changing TI, a representative image must be selected from the continuous images to calculate the displacement. TI used in inversion recovery for T1 Map is less than 1,000 ms, and the larger the TI, the greater is the contrast between blood and myocardium (from 0 to 1,000 ms) [9] . However, the representative image used for positional displacement calculation is the image with the smallest TI, which allows easy comparison of the heart shape under the breath holding condition.
To calculate the displacement, the ROI is manually set to suf ciently ll the myocardial region before and after injection of contrast agent.
Displacement calculation
The shape of the ventricular lumen differs before and after administration of contrast media, because the position of the diaphragm and the heart phase do not completely coincide. As a countermeasure, positional displacement is calculated using the shape of the whole heart. To calculate the displacement, the Fiji ImageJ TurboReg plugin was used [10] . Considering that the displacement is only translational, displacement of the heart (T) is expressed by the following equation:
T1 Map Creation
Pre-T1 and post-T1 Maps are created for ECV calculations. A pre-T1 Map is an image before contrast media injection, and a post-T1 Map is calculated from images after contrast media injection. The T1 value is calculated by Equation 3 using the theoretical value of the inversion recovery method and the measured signal value, and is calculated for each pixel.
where TI is the inversion time, and TR is the repetition time. A and T1 are the tting parameters. Because the pixel intensity of an MR image is always positive, it is necessary to convert the value before the inversion to negative value prior to performing the curve tting. The Levenberg-Marquardt method is used for curve tting.
Corrected ECV Map Creation
Considering the calculated displacement, a corrected ECV Map is created from the pre-T1 Map and post-T1 Map. Equation 4 shows how the ECV Map is calculated after the post-T1 Map is moved in parallel.
ECV(x, y) 
Experiment
In this study, an MRI scanner (Vantage Titan, Toshiba Medical System Corporation) with a magnetic eld strength of 1.5 T was used to study six healthy subjects who provided informed consent in writing. The imaging parameters were TR = 5.0 ms, TE = 2.0 ms, slice thickness = 10 mm, matrix size = 268 × 256, pixel size = 1.563-mm squares, and the imaging sequence (FFE_125 k_tiprep) was designated as a condition of breath holding for approximately 25 seconds under ECG synchronization. After 15 minutes, the contrast agent was injected, and 10 images were taken from 50 to 450 ms at intervals of 50 ms of TI. The Image acquisition was carried out with the approval of the ethics committee at the São Paulo University Hospital, Brazil. The effect of the alignment was veri ed by comparing the ECV Map that was created without positional correction and the ECV Map corrected using the proposed method.
Creating manually corrected data
The positional displacement of the heart due to the difference in the breath holding position was corrected viAdvanced Biomedical Engineering. Vol. 7, 2018. (84) sually and used for comparison.
Detection of free respiration was carried out visually. Focusing on the diaphragm region, images of poor breath holding were removed from the continuous images. Image of the shortest TI was determined as the representative image. In the calculation of displacement, a direct line to the outer circumference of the heart was drawn. Then, the corresponding displacement determined by visual observation was treated as the correct displacement. Visual observations were done by three non-medical professional individuals, and their results were consistent. The creation of the T1 Map was similar to that of the proposed method, and Equation 4 was used to create the ECV Map by plugging in the observed displacement.
Evaluation index
The effects of free respiration and heart displacement were compared using the mean ECV and standard deviation.
Results
We describe the results of applying the proposed method to clinical images obtained from six subjects.
Displacement correction was performed for all data except the images with poor breath holding. In addition, the number of images used for creating the ECV Map was standardized, except for images that were obtained during free respiration.
The displacement was calculated and the ECV Map after correction was determined in six subjects. The difference in displacement between visual observation and calculation was within one pixel in x and y directions. Table 1 shows the ECV Map before correction, the ECV Map after correction, and the average ECV for the visually and manually corrected data.
The average difference between mean ECV before correction and the manual data was 1.02%, while the average difference between mean corrected ECV and manual data was 0.28%. The maximum difference between ECV before correction and manual data was 1.9%, while the difference between corrected ECV and manual data was 1.0%. As for the standard deviation, the ECV map after correction approached the manually corrected data when compared with the ECV Map before correction. By t-test, mean ECV before correction was signi cantly different from the manual data in all subjects except Subject 6, while the corrected ECV was signi cantly different from the manual data only in Subjects 1 and 6.
Discussion
Using our proposed method, displacement was calculated in six subjects. We con rmed that this method was effective because the mean ECV were closer to the manual results except in Subject 6. We need further investigation to compare the precision of our proposed method with the true ECV value, such as data without any displacement.
In Subjects 1-5, correction was performed at ECV value within 1%. The allowable error of the ECV value is about 2.0%, and they are within the acceptable range. The reason for the worse result in Subject 1 was that the displacement caused by the breath holding position was larger compared to the other subjects.
Our proposed method failed only in Subject 6. In this subject, no displacement was found by visual observation.
Conclusion
In this study, we rst excluded images containing free respiration, then we corrected the positional displacement included in the ECV Map. The mean error of the ECV value before and after correction improved from 1.02% to 0.28% by calculating the displacement in relation to the breath holding position. However, when the contrast was poor, the displacement could not be calculated. In the case of poor contrast, it is dif cult to accurately align the heart even visually. Therefore, an evaluation index that suggests reimaging at the time of obtaining the initial image is useful. The ECV Map is an effective method for the diagnosis of ischemic heart disease. Using this method, we can further improve diagnostic capabilities.
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